The microwave properties of polymer-based glass fiber reinforced composites containing amorphous Fe 77 Si 10 B 10 C 3 microwires in parallel and orthogonal arrays and their dependencies on external magnetic field have been investigated. Double-negative-index characteristics are confirmed for both wire arrays through the observed transmission window in the 1-7 GHz frequency band. The microwave interaction within inter-wire range is responsible for a multi-peak feature observed in the absorption spectra of the parallel wire array composite when the wire spacing is below 7 mm. We introduce the term of "effective diameter" associated with the microwire domain structure to remedy the discrepancy between the computed and experimentally observed plasma frequency. Ferromagnetic microwires have been recently considered promising for microwave absorption 1, 2 and magnetic sensor applications 3 owing to their distinguished giant magnetoimpedance effect, giant stress-impedance effect, and soft magnetic properties. [4] [5] [6] Specifically, strong responses from the microwires to the interactive microwave suggest that they can be built into suitable components for applications such as sensing and non-destructive structural health monitoring. 7 Indeed, several recent studies have elucidated that polymer composites embedded with ferromagnetic microwires demonstrate a series of relevant application advantages: 7 (i) Low filler volume fraction ensures miniaturization of future sensors; (ii) polymer substrate provides mechanical constraint to wires without compromising their microwave sensing capabilities; (iii) flexible and sensitive tunability towards external stimuli (magnetic field, temperature, mechanical stress, etc.) is beneficial to developing microwire composites for sensing applications.
In another perspective, it has been confirmed that periodically arranged conducting wires can perform as functional elements for the construction of artificial left-handed structures in a certain microwave frequency band. 8 Carbonell et al. 9, 10 have experimentally demonstrated that the Co-based ferromagnetic microwire array (without any matrix) can achieve a double-negative characteristic evidenced by the observed transmission window, which can be modulated by the external magnetic fields. Liu et al. 11 have proposed an orthogonal structure based on ferromagnetic microwires and conductive copper wires and theoretically predicted that metamaterial characteristics can be obtained. We hence propose that it would be much more useful to deploy microwires alone to construct such microwire composites with orthogonal arrangement. Also, so far all the reports on the ferromagnetic microwire metamaterials are yet limited to the Co-based wires. As is known, Fe-based wires have significantly different domain structure from Co-based wires arising from the positive magnetostriction and, as a consequence, its static and dynamic electromagnetic responses are also distinct from those of Co-based wires. 1, 12 In addition, as compared to Co-based wires, Fe-based wires are cost-effective and therefore more desirable for practical applications, 4 especially in sensors and transformers. On the other hand, it should be noted that the electromagnetic (EM) properties of such microwire composites are dependent not only on the mesostructure, such as the wire-spacing, but also on the local properties of microwires such as the geometry and composition. 13 This feature distinguishes the microwire composites from conventional metamaterials and hence we category it as "metacomposites." Although the concept has been used by some researchers, 14, 15 we expound it here explicitly in line with our understanding. The metacomposite should essentially meet two criteria: (i) The metacomposite is a "true" composite material rather than a structure; (ii) its ultimate properties are dependent on the fillers' material properties apart from the geometrical parameters. In this context, as an extension to our previous effort on the Co-based microwire composites, we designed the polymer metacomposites containing Fe-based microwires both in the parallel and orthogonal manner and studied their microwave behaviours.
Amorphous glass-coated ferromagnetic Fe 77 Si 10 B 10 C 3 microwires with total diameter of 20 lm and metallic core diameter of 16.6 lm (provided by TAMAG, Spain) were incorporated into 950E-glass epoxy prepregs in parallel to the glass fiber direction to form a parallel array. An orthogonal wire array was achieved by laying up the wire-incorporated prepregs in [0 /90 ] manner, followed by adding two further layers of prepregs on the top and the bottom before these stacked prepregs were cured in an autoclave, as schematically shown in Fig. 1 . The curing conditions can be found elsewhere. 16 The microwave response of the microwire composites was characterized by employing a free space measurement in the frequency range of 0.9-17 GHz with a)
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The transmission, reflection, and absorption spectra of parallel wire composites under external fields up to 3 kOe are presented in Fig. 2 . Notably, a transmission window is observed in the absence of external field ( Fig. 2(a) ), together with dips in reflection and absorption spectra corresponding to the frequency band of 1-7 GHz. The transmission window reveals that negative permittivity and permeability are simultaneously obtained for the concerned composite, i.e., the wires behave as transmitting structure in this condition. Unlike magnetic field-tuned double negative behaviour realized in the previous studies, 9, 18, 19 this metacomposite behaviour is achieved without an external magnetic field, which is defined as the "natural" metacomposite feature. This eases the application of such materials in compact devices or lightweight structures where extra magnets are considered as a burden. Meanwhile, it is worth mentioning that this metacomposite behaviour can be obtained only if the wire spacing is below a critical spacing (7 mm in the present study), which likely relates to the origin of multi-peak absorption and the modulation of plasma frequency that will be discussed later.
From absorption spectra (Fig. 2(c) ), we note that, at a lower frequency band, the distinguished absorption peak is induced by the ferromagnetic resonance (FMR) of microwires. One can calculate the FMR frequency, according to 20, 21 where c, M s , and H a are gyromagnetic ratio, magnetization saturation, and anisotropy field, respectively. From the magnetization curve of Fe 77 Si 10 B 10 C 3 microwires (inset of Fig. 4(a) ), substituting M s ¼ 828 Gs and c/2p ¼ 2.8 MHz/Oe into the equation, noting H a 2pM s , we obtain f FMR ¼ 2.3 GHz, which is close to the experimental value. The small discrepancy between the calculation and the experimental result is probably due to the non-uniformly distributed internal frozen-in stresses formed during the wire fabrication process, resulting in fluctuations of intrinsic magnetoelastic anisotropy field. 22 When the wire spacing is large (e.g., 10 mm), the resonance frequency shifts to a higher value with increasing applied field, which is in accord with Kittel's law. 23 However, for a smaller wire spacing (e.g., 3 mm), the identified FMR peaks in addition to the observed transmission windows do not shift significantly with the applied high external fields, indicating the compromise of the soft magnetic properties of microwires after curing process. It has been reported that the hard crystalline phase on the surface of these microwires can drastically degrade their soft magnetic properties. 24 Also the amorphous phase is generally meta-stable and can be easily modified in the presence of external stresses or considerable heating. 21, 25 In this perspective, we believe that the curing cycle (i.e., 125 C heating for 2 h and 0.62 MPa for 4.5 h) 16 must have changed the amorphous structure of the microwire or even conspired to the formation of the crystalline phase on the surface, thereby degrading the soft magnetic properties and consequently reducing the "expected" frequency shift of the FMR peaks and transmission windows. This also informs that embedding microwires into composite matrix and the subsequent curing process distinguishes the present result from that presented in Ref. 10 in terms of the influence of external field on standalone microwire arrays. Further work remains to be done to quantitatively describe how the curing process in autoclave influences the local properties of microwires and their collective electromagnetic response.
Apart from the FMR absorption peak, for the sample with a wire spacing of 7 mm, an additional peak is observed at 11 GHz. With wire spacing further narrowed down to 3 mm, the absorption spectra display a remarkable multipeak characteristic in 6-14 GHz frequency band (Fig. 2(c) ) that is likely due to the long-range dipolar interactions between the microwires. 12, 26 Moreover, as seen in Fig. 2(c) , at a higher frequency range, multi-peak absorption of composites with 3 mm spaced parallel wires remains due to strong skin effect and eddy current that warrant strong wire interactions. It is worth clarifying that the wire-wire interaction here refers to the dynamic magnetic interactions induced by the electrical components of the incident microwave rather than the magnetostatic coupling, since the studied wire-spacing (3-10 mm) is too large to attain meaningful magnetoelastic coupling. 27, 28 Although the dynamic interactions are not strictly limited by the spacing, the interaction peaks disappeared when the wire spacing is increased to 10 mm due to the lack of strong electromagnetic excitation between the microwires and the electrical component of the incident microwave to formulate further dynamic wire interaction. Particularly, in the higher frequency range, a smaller wire spacing of 3 mm led to a much higher absorption than the wire spacing of 7 and 10 mm. At this point, Fe-based microwire composites can be used at high frequencies for microwave absorption purpose and their absorption performance can be further optimised by manipulating wire spacing b. In our previous studies, Co-based microwire composites were shown to possess excellent microwave absorption properties but it is restricted at a lower frequency band (1-6 GHz). 16, 29 Fe-based wire composite can be a solution to this limitation.
The transmission, reflection, and absorption coefficients of orthogonal microwire array composite are shown in Fig. 3 . Remarkably, a transmission window is identified in the frequency band of 1-7 GHz (Fig. 3(a) ), whereas a flat curve is obtained for 10 mm parallel wire array composite. This characteristic suggests that a metacomposite has been feasibly constructed by integrating the proposed orthogonal structure of microwires into polymer composite matrix. According to Ref. 30 , the additional array of 90 wires can be considered as an insertion of short-cut parallel wires between the neighbour continuous wires due to some small axial components of the electric field, generating circumferential magnetic field that enhances the dynamic wire interaction. This is the reason why the transmission-windowassociated critical spacing for the orthogonal wire composite (10 mm) is larger than that of the aforementioned parallel wire composite (7 mm). Note that the above reasoning is valid when the distance between the different wire layers is within certain range, e.g., 250 lm in the present case. Further separating the wire layers may lead to a weaker dynamic wire interaction, and its effect on microwave transmission needs future investigation.
We now turn to effective permittivity computed from the transmission/reflection coefficients obtained from the free-space measurement (Fig. 4) . As is known, periodical structures constructed of conductive wires prominently dilute the electron concentration in the composites. 8 On the other hand, the polymer matrix has negligible magnetic and dielectric resonance. Therefore, the plasma frequency (f p ) of composites with ferromagnetic wires in parallel arrangement could be simplified to that of periodical conductive arrays and expressed as f , 8 which is determined by the wire radius a (Fig. 5(a) ) and spacing b. We obtain f p of 4.8, 6.6, and 16.6 GHz for composites with wire spacing of 10, 7, and 3 mm, respectively. However, from the inset of the wire spacing is larger than 3 mm, i.e., 1.4 GHz for b ¼ 10 mm, 1.6 GHz for b ¼ 7 mm, respectively. To understand this failure in predicting the plasma frequency, apart from the influences of topological factors in mesostructural scale, it is established that the dielectric response of ferromagnetic wires is controlled on the surface through modifying surface plasmons by creating circumferential magnetic field. 8 Thus, the main dielectric response to electromagnetic waves is expected to come from the outer shell domain of wires. However, for Fe-based wires, the outer shell domain only occupies a rather trivial portion of the whole wire volume. 4, 31 This can also be experimentally verified from the inset of Fig. 4(a) that obviously Fe 77 Si 10 B 10 C 3 microwires have rectangular hysteresis loop. From the dielectric point of view, the effective wave-matter interaction area has dramatically reduced ( Fig. 5(b) ). For convenience, we introduce herein a term of "effective diameter," a eff , to account for the equivalent interaction area mentioned above (Fig. 5(c) ). In this sense, f p should be modified to f For b ¼ 10 and 7 mm, the effective diameter remains extremely small resulting in very low plasma frequency, but as b is reduced to 3 mm, there appears a marked increase of f p , suggesting that the effective diameter is significantly compensated. As mentioned earlier, spacing below the critical value 7 mm is enough to excite the dynamic wire interactions. The domain structure of magnetic materials and impedance tensor can be modified via the dynamic wire interactions. 32 Thus, the disappearing discrepancy in f p can be understood of that the dielectric response from long-range dipole-dipole interaction within inter-wire range provides an offset to the induced circumferential magnetic field and hence enhances outer shell domain volume, 33 which is advantageous for absorption of microwave energy. Now we can also deploy the modified f p to resolve the mismatch from our previous Co-based wire composite study. 16 As well studied, Co-based wires possess domain structure with large volume of circular outer shell. 4 Therefore, the "effective diameter" for Co-based wires would be only a touch smaller than real wire diameter, rendering f p a bit smaller than theoretical value calculated by using the modified equation as well. Clearly, proper tailoring techniques such as current annealing to obtain wires with well-defined circumferential domain structure 4, 34 can not only make the plasma frequency of their composites more predictable but also eliminate hard phases in the microwire so that we would eventually obtain better field-tunable properties of the microwire composites.
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